a Stimuli-responsive nanoparticles (NPs) based on sustainable polymeric feedstock still need more exploration in comparison with NPs based on synthetic polymers. In this report, stimuli-responsive NPs from novel ionic cellulose derivatives were prepared via a facile nanoprecipitation. Cellulose 10-undecenoyl ester (CUE) with a degree of substitution (DS) of 3 was synthesized by esterification of cellulose with 10-undecenoyl chloride. Then, CUE was modified by photo-induced thiol-ene reactions, in order to obtain organo-soluble ionic cellulose derivatives with DSs of ∼3, namely cellulose 11- ((3-carboxyl) ethylthio)undecanoate (CUE-MPA), cellulose 11-((2-aminoethyl)thio)undecanoate (CUE-CA), cellulose 11-(2-(2-(diethylamino)ethyl)thio)undecanoate (CUE-DEAET) and cellulose 11-(2-(2-(dimethylamino) ethyl)thio)undecanoate (CUE-DMAET). CUE-MPA could be transformed into NPs with average diameters in the range of 80-330 nm, but these NPs did not show particular stimuli-responsive properties. Moreover, the dropping technique resulted in smaller NPs than a dialysis technique. Stable NPs with average diameters in the range of 90-180 nm showing pH-responsive and switchable sizes were obtained from CUE-DEAET and CUE-DMAET possessing tertiary amines using nanoprecipitation. Thus, altering the terminal functional groups will be a new approach to prepare stimuli-responsive cellulose-derived polymeric NPs.
Introduction
Over the past few decades, functional polymeric nanoparticles (NPs) have been of special interest due to the variable chemical structures of constructing polymers and a wide range of applications from controlled drug delivery to biosensors. [1] [2] [3] [4] Polymeric NPs can either be prepared during polymerization, e.g., emulsion polymerization, or by post-shaping methods including nanoprecipitation or polyelectrolyte complexation. [5] [6] [7] Among various NPs, the complexes in the form of nanocapsules from oppositely charged ionic polymers due to cooperative electrostatic interactions have shown huge potential in various applications. 8, 9 The change of ionic strengths or pH values can lead to a screening of the charges and to a disassociation of the complexes. 10, 11 This allows nanocapsules from ionic polymers to be used as delivery systems for biological applications. [12] [13] [14] [15] The capsule formation using oppositely charged ionic polymers has been extensively investigated from both theoretical and experimental aspects. 8, 16, 17 However, due to the excellent water-solubility of most ionic polymers, studies on the formation of polymeric NPs from a single ionic polymer are still very rare. Among the functional groups of ionic polymers including polyelectrolytes, moieties containing carboxyl and amino groups are promising candidates, because they could undergo a pH-triggered solubility change, structure degradation, or destruction of cross-linkings. [18] [19] [20] [21] On the other hand, more research interest is evoked towards the use of sustainable materials, such as polysaccharides. [22] [23] [24] [25] [26] Polysaccharides as biopolymers have several advantageous features, such as abundance, renewability, nontoxicity, biocompatibility and biodegradability. 14, 27 Among them, cellulose is the most abundant natural polysaccharide, which consists of β-(1 → 4)-linked anhydroglucose units (AGUs). Three hydroxyl groups are present in each AGU and they can be modified by diverse functional groups, e.g. sulfate, carboxymethyl and methyl groups. [28] [29] [30] Diverse ionic cellulose derivatives can be synthesized by the introduction of ionic groups into the cellulose backbone. Cellulose derivatives containing carboxyl groups with a pK a value in the range of 4-5 are protonated in the strongly acidic environment of the stomach and are ionized in the nearneutral small intestinal milieu. 31 Amino group-containing cellulose derivatives show remarkable self-association behavior 32 and may find numerous applications in a variety of fields including food, chemical, pharmaceutical and paper industries. 33 A high degree of substitution (DS) is often desired for distinct applications. As a typical example, cellulose sulfates with high DSs showed higher biological activities towards enhancing the cell activities. 34, 35 However, ionic cellulose derivatives containing high amounts of carboxyl or amino groups, in particular with a DS of 3, are still rare. A major reason is limited synthesis routes for the efficient derivatization of all hydroxyl groups at the cellulose backbone. Esterification of cellulose using acid chlorides is among few methods an effective one leading to derivatives with a DS of 3. 36 Moreover, stimuli-responsive NPs from cellulose derivatives, in particular ionic cellulose derivatives, also need more exploration in comparison to NPs from synthetic polymers exhibiting versatile chemical components.
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Thus, we report in the present study the formation of pHresponsive NPs from ionic cellulose derivatives with high DSs (of ∼3). At first, novel ionic cellulose derivatives containing carboxyl or primary/tertiary amino groups were synthesized by UV-induced thiol-ene reactions on cellulose 10-undecenoyl ester (CUE) with a DS of 3 without a photo-initiator. By using thiols containing carboxyl-or amine groups, namely 3-mercaptopropionic acid (MPA), cysteamine hydrochloride (CA), 2-(diethylamino)ethanethiol hydrochloride (DEAET) and 2-(dimethylamino)ethanethiol hydrochloride (DMAET), four ionic cellulose derivatives with a DS of ∼3 for corresponding functional groups were obtained. The organo-soluble ionic cellulose derivatives including cellulose 11-((3-carboxyl)ethylthio)-undecanoate (CUE-MPA), cellulose 11-(2-(2-(diethylamino) ethyl)thio)undecanoate (CUE-DEAET) and cellulose 11-(2-(2-(dimethylamino)ethyl)thio)undecanoate (CUE-DMAET) were further transformed into NPs via a facile nanoprecipitation. The properties of obtained NPs regarding their sizes, morphologies and switchable properties were further analyzed.
Results and discussion
Cellulose 10-undecenoyl ester (CUE) and ionic cellulose derivatives Cellulose 10-undecenoyl ester (CUE) was synthesized in pyridine under heterogeneous conditions (Scheme 1). FTIR and NMR spectroscopy showed the presence of 10-undecenoyl groups at the cellulose backbone (Fig. 1, S1 and S2 †). In the 13 C NMR spectrum of CUE, the signals at 114 ppm (C-17) and 139 ppm (C-16) occur from carbons in terminal olefin groups, while signals between 40 and 10 ppm are attributed to the other carbons of 10-undecenoyl moieties (Fig. 1a) . 31 Based on 1 H NMR spectroscopy, the hydroxyl groups within the AGUs of cellulose were totally derivatized. Thus, the CUE has a degree of substitution (DS) of 3 ( Fig. S3 †) . The CUE has a lower weight-averaged degree of polymerization (DP W ) of 62 ± 3 than the starting MCC (with a DP of ∼270), which indicates a severe degradation of cellulose chains during esterification.
Due to the presence of terminal vinyl groups in CUE, the introduction of further functional groups leading to ionic cellulose derivatives by means of thiol-ene chemistry is possible. The thiol-ene reaction, which has been known for over 100 years, 7 has recently attracted great interest for the synthesis of functional materials. For example, it has been used for the synthesis of silicon NPs, 39, 40 responsive hybrid microcapsules 41 and carbosilane-thioether dendrimers. [42] [43] [44] This fact is due to several features of thiol-ene reactions, such as the absence of metal catalysts, mild reaction conditions and insensitiveness of thiol-ene reactions to water or oxygen. 45, 46 In the present study, CUE was modified through the reaction of the terminal vinyl groups with MPA, CA, DEAET and DMAET. The thiol-ene reactions were photo-induced by UV light of the wavelength 320-400 nm without the presence of any photo-initiator (Scheme 1). After the reaction, CUE-MPA, CUE-CA, CUE-DEAET and CUE-DMAET were obtained according to FTIR, 1D and 2D NMR spectroscopy (Fig. 1, S1 and S4-S9 †). In the 13 C NMR spectrum of CUE-MPA (Fig. 1b) , the signals at 26.8, 34.4 and 172.3 ppm are derived from carbons in CH 2 next to carboxyl groups (C-b 1 ), carbons in CH 2 next to thioether bonds (C-a 1 ) and carbons in carboxyl groups (C-c 1 ), respectively, confirming the introduction of 3-mercaptopropionic groups. Within the 13 C NMR spectrum of CUE-CA, the signals at 28.3 and 38.6 ppm are assigned to the carbons of the CH 2 of (2-aminoethyl)thiol groups (C-a 2 and C-b 2 ) (Fig. 1c) . Within the 13 C NMR spectrum of CUE-DEAET, the signal at 9.4 ppm is attributed to the carbons in terminal CH 3 groups (C-d 3 ) (Fig. 1d) . Moreover, the signals at 43.7 and 58.1 ppm within the 13 C NMR spectrum of CUE-DMAET are assigned to the carbons of the terminal CH 3 (C-c 4 ) and CH 2 next to amino groups (C-b 4 ) (Fig. 1e) . Furthermore, within the 13 C and 1 H NMR spectra ( Fig. 1, S4 , S6, S8 and S9 †), no signal of carbons and protons in terminal alkenes is notable. Moreover, the crosslinking between vinyl groups should be possible during the thiol-ene reaction. 47 But the signal caused by crosslinking was not detected in the samples by means of NMP spectroscopy. Thus, almost all the terminal vinyl groups were modified during the thiol-ene reactions, leading to four ionic cellulose derivatives with a DS of ∼3 for corresponding functional groups.
Nanoprecipitation using solutions of CUE-MPA
The ionic cellulose derivatives were further transformed into NPs. Polymeric NPs, in particular stimuli-responsive NPs, can be prospective candidates in diverse application fields, such as for functional surface coating, targeted drug delivery or sensors. 14, 34, [48] [49] [50] The CUE-MPA was converted into NPs via nanoprecipitation through a solvent exchange process, which has also been named as a polymeric 'Ouzo effect'. 51, 52 Two techniques as dropping and dialysis were used (Scheme 2). After nanoprecipitation, NPs with average diameters in the range of 80-330 nm were obtained using the solutions of CUE-MPA in THF with diverse concentrations under varied conditions ( Fig. 2 , Table S1 †).
The formation process of NPs using CUE-MPA solutions was analyzed in detail by alternating the parameters of the nanoprecipitation, such as the concentrations of solutions, and the dropping or dialysis technique. Fig. 2 shows the dependence of the average sizes and PDI (i.e. the size distribution) of NPs on the concentrations of initial polymer solutions. Using the dropping technique, the average diameters of NPs increased from 85 ± 1 to 139 ± 1 nm with a rising concentration from 2 to 4 mg ml −1 . However, CUE-MPA solution of 6 mg ml −1 resulted in NPs with bi-modally distributed sizes (Fig. 2a) . Also a small amount of microparticles (∼10% based on signal intensities of DLS measurements ascribed to NPs and microparticles) is present among NPs (Fig. 2f ). Because the nanoprecipitation using CUE-MPA solutions was carried out under comparable conditions except for the concentration, a concentration of 6 mg ml −1 was too high for the fabrication of NPs with uniform sizes. Using the dialysis technique, the average diameters of NPs increased from 150 ± 2 to 321 ± 6 nm with an increasing conScheme 2 Schematic illustration for the nanoprecipitation of CUE-MPA solutions using dropping and dialysis techniques. Blue areas: THF, black curves: CUE-MPA chains. The scheme is not in real scale. , (e) 4 mg ml −1 and (f ) 6 mg ml
NPs via a dialysis technique using solutions of CUE-MPA with diverse concentrations: (g) 2 mg ml −1 , (h) 4 mg ml −1 and (i) 6 mg ml centration from 2 to 6 mg ml −1 . PDI increases simultaneously from 0.078 to 0.151. The positive increase of the average diameters of NPs with higher polymer concentrations is related to the viscosity of the solutions and has been observed for NPs from other polymers, such as cellulose stearoyl esters, hydrophobic esters of dextran, pullulan and starch. 51, 53, 54 In addition, NPs prepared using the dialysis technique have larger average diameters than NPs prepared using the dropping technique (Fig. 2) . This difference is attributed to distinct formation processes of NPs via dropping and dialysis. Using the dropping technique, the formation of primary NPs or nuclei is based on the aggregation of single polymer chains during the fast diffusion-out of solvent from the drops of polymer solutions. The fast diffusion-out of THF from drops of the polymer solution leads to nascent clusters of polymer chains and then NPs. 54 This process takes place very quickly and is assumed at a time scale of milliseconds. 54, 55 In comparison, the exchange of organic solvents in the polymer solution with water during the dialysis is based on the passive transport of solvents, which is comparatively very slow (Fig. 2) . The aggregation of polymer chains is primarily driven by an increasing interfacial tension during the solvent exchange.
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Modified nanoprecipitation using ionic cellulose derivatives containing amino groups
The ionic cellulose derivatives containing amino groups were also used for the preparation of NPs by a modified dropping technique. After the addition of solutions of CUE-CA, CUE-DEAET and CUE-DMAET into water, transparent suspensions with pH values around 4.5 were obtained ( Fig. S10 and S11 †). These initial suspensions contained multi-modally distributed polymer colloids as shown by DLS measurements (Fig. 3 and S10 †). The presence of these colloids is probably due to the strong interaction between the protonated amino groups at polymer chains and water, such as ion-dipole bonding interactions, 58 leading to swollen clusters of polymer chains of various sizes. Cationic polymers containing amino groups generally exhibit pH-responsive behaviors. 59, 60 Their charge density depends on the pH values of the solutions or dispersion solvents, which affects the interaction of polymer chains with solvent molecules and in turn influences the polymer conformation. 60 It is also known that ionized amino groups with a cationic nitrogen center caused by an acid, such as HCl, can participate in ion-dipole bonding interactions with water and thereby show enhanced solubility in water compared to the non-ionized counterpart. Thus, deionization treatment was adopted by adding a NaOH solution (0.01 M), in order to form NPs by decreasing the interaction of polymer chains with water. With increasing pH values of CUE-DEAET and CUE-DMEAET suspensions from pH 4.5 to pH 7, the interaction between the polymers and water became weaker due to the deprotonation of the ionized amino groups. Subsequently, swollen colloids were converted into shrunken and stable NPs from CUE-DEAET and CUE-DMAET at pH 7 with the average diameter of 130 ± 4 and 177 ± 1 nm, respectively (Fig. 3) . When the pH values of NP suspensions were further increased from pH 7 to pH 8, only a slight increase of the average diameter of NPs is observed. It should be caused by the slight aggregation of NPs due to lower zeta potentials (Fig. 3) . When the pH values of the suspensions were further elevated to pH 9, the zeta potentials of CUE-DEAET and CUE-DMAET suspensions decreased to 0.3 ± 6.0 mV and 15.1 ± 6.7 mV respectively. The suspensions with these low zeta potentials are unstable according to the electrostatic stabilization theory, 61 and severe aggregations are notable ( Fig. 3 and S11 †). Thus, CUE-DEAET and CUE-DMAET can be converted into NPs by a modified nanoprecipitation route, which includes a conventional dropping technique with solvent exchange and a further instant formation of NPs induced by pH-change (Scheme 3). There are only tiny differences between CUE-DEAET and CUE-DMAET regarding the average sizes and pH values of the suspensions right after the nanoprecipitation, which is due to the different substituents at tertiary amino groups as diethyl or dimethyl groups. In comparison, CUE-CA could not form stable NPs using this modified nanoprecipitation route, but only floppy aggregates (Fig. S10 †) . After further dialysis of resulting NP suspensions at pH 7, the NPs with a spherical morphology were obtained according to the SEM images (Fig. 4d-i) . For both ionic cellulose derivatives, the average diameters of NPs increased with higher concentrations of starting solutions. To be specific, with a rising concentration from 2 to 6 mg ml −1 , the average diameter of NPs from CUE-DEAET solutions increased from 99 ± 1 to 151 ± 2 nm, while the average diameter of NPs from CUE-DMAET solutions increased from 127 ± 1 to 179 ± 3 nm (Fig. 4 and Table S2 †). At the same time, all NPs maintained low PDI between 0.096 and 0.171, indicating a narrow size distribution of NPs (Table S2 †). The increase of NP sizes is assumed to be positively related to the viscosity of the polymer solutions as shown by other solvent exchange nanoprecipitation processes. 51, 53, 54 Moreover, the dialyzed NPs are smaller than their precursors before the dialysis (Fig. 3 and 4) . This slight decrease is due to the removal of encapsulated methanol residue inside the precursors. 5 and S12 †). With a lower pH value from 7 to 4, the average diameter of NPs of CUE-DEAET increased from 113 ± 1 to 144 ± 2 nm with an accompanying volume increase of 106%, which is ascribed to the significant swelling of NPs due to the ionization of tertiary amino groups (Fig. 5a) . With a decreasing pH value from 4 to 3, the average diameter of the NPs slightly decreased. This fact is due to the stronger ionization of amino groups at pH 3 and therefore a partial disassociation of NPs into swollen nanocolloids. Similar to CUE-DEAET, the average diameter of NPs from CUE-DMAET increased from 154 ± 1 nm at pH 7 to 185 ± 3 nm at pH 4, i.e., a volume increase of 73%, and NPs with a higher volume increase of 119% were obtained at pH 3 with the average diameter of 200 ± 1 nm (Fig. 5a ). This switchable swelling behavior of NPs was also visualized by SEM images. Dried NPs of CUE-DEAET from their dispersions at pH 7 exhibit a solid and spherical morphology according to their SEM images (Fig. 5c) . In comparison, a shrunk and collapsed morphology was visible for the dried NPs of CUE-DEAET from their dispersion at pH 4 as shown by their SEM images. The shrinkage of the NPs during drying confirms the swelling behavior of the NPs at pH 4 ( Fig. 5c and S13 †).
PH-responsive NPs with switchable sizes
Furthermore, after the repetitive swelling and deswelling, the average sizes of NPs increased at both pH values of 4 and 7. This size increase is assumed to be related to the accumulation of sodium chloride during the adjustment of pH values using aqueous NaOH or HCl solution (Fig. 5b) . The presence of salt can influence the osmotic pressure between the internal network formed by some ionic polymers (e.g.: weak polyelectrolytes) and external solutions, and thereby change the swelling ability of NPs. 64, 65 In addition, the transformation from the swollen state to the non-swollen state by adding NaOH solution starts from the outer layer of the NPs, which impedes the deprotonation of amino groups within NPs and further decreases the deswelling degree, leading to bigger NPs compared to the previous cycle. The triggering pH values for the swelling and deswelling of NPs lie generally in the range of 4-7, which matches the environment of the small intestinal and stomach milieu. 63, 66 In addition, the NPs from both ionic cellulose derivatives still maintained pH-regulated, size-switchable ability after three swelling-deswelling cycles (Fig. 5b) . Thus, the pH-responsive properties of these NPs from CUE-DEAET and CUE-DMAET allow them to be promising potential candidates for diverse applications, such as colloid systems for food, medicine and pharmacy.
Conclusion
On the whole, pH-responsive NPs with switchable sizes were prepared from ionic cellulose derivatives. The synthesis of novel organo-soluble ionic cellulose derivatives containing carboxyl or amino groups with a degree of substitution (DS) of ∼3 was described for the first time. First, cellulose 10-undecenoyl ester (CUE) with a DS of 3 according to 1 H NMR spectroscopy was obtained after the esterification of cellulose by 10-undecenoyl chloride. Then, CUE was successfully modified by grafting the terminal vinyl groups with MPA, CA, DEAET or DMAET via photo-induced thiol-ene reactions under UV irradiation without any photo-initiator. The ionic cellulose derivatives, CUE-MPA, CUE-CA, CUE-DEAET and CUE-DMAET with DSs of ∼3 were synthesized. CUE-MPA can be further transformed into stable nanoparticles (NPs) with average diameters in the range of 80-330 nm via dropping and dialysis techniques under diverse conditions. However, these NPs did not show responsive properties. In comparison, NPs from CUE-DEAET and CUE-DMAET via the modified dropping technique exhibit pH-responsive, size-switchable properties as shown by alternately changing the pH value between 7 and 4. The NPs became more expanded at pH 4, whereas shrinkage occurred when the pH increased to 7 while no stable NPs were formed from CUE-CA via the same process. Based on the sustainable character of cellulose and reversible pH-sensitivity, we foresee versatile applications for the NPs of organo-soluble, ionic cellulose derivatives, such as non-adhesive coatings and targeted drug delivery.
Experimental

Materials
Microcrystalline cellulose (MCC) with a granule size of 50 μm and a DP of ∼270 was purchased from Sigma-Aldrich (Steinheim, Germany). 10-Undecenoyl chloride was received from Merck Schuchardt OHG (Hohenbrunn, Germany). 3-Mercaptopropionic acid (MPA) (≥99%) was purchased from Merck KGaA (Darmstadt, Germany). Cysteamine hydrochloride (CA) (≥98%) was purchased from AppliChem GmbH (Darmstadt, Germany). 2-(Diethylamino)ethanethiol hydrochloride (DEAET) and 2-(dimethylamino)ethanethiol hydrochloride (DMAET) were purchased from Sigma-Aldrich (Steinheim, Germany). Dry pyridine and tetrahydrofuran (THF) were received from VWR International GmbH (Darmstadt, Germany). Deionized water (DI water) was used in all experiments. Other chemicals are all of analytical grade and used as received.
Synthesis of cellulose 10-undecenoyl ester (CUE)
CUE was prepared according to ref. 50 with a few modifications. In a typical case, 1 g dried MCC was washed with methanol and pyridine to remove traces of moisture before it was suspended in 30 ml pyridine. Then, the cellulose suspension was heated up to 100°C and 8.4 ml 10-undecenoyl acid chloride (6 mol 10-undecenoyl chloride per mol AGUs of cellulose) was dropped into the hot cellulose suspension, while it was purged with nitrogen gas. After 1 h stirring at 100°C, the mixture was added into 200 ml methanol. The precipitate was separated by centrifugation at 4500 rpm for 10 min. Thereafter, the product was purified through repeated dissolution in THF and precipitation in methanol. Finally, the product was dissolved in THF and stored in the dark for further use. Yield: 95.6%.
Synthesis of cellulose 11-((3-carboxyl)ethylthio)undecanoate (CUE-MPA) via thiol-ene reaction of CUE with MPA MPA (2 mol per mol CvC double bonds) was added into the THF-solution of CUE (15 mg ml −1 ). The mixture was exposed to UV light (320-400 nm with the intensity of ∼100 mW cm −2 )
at room temperature (RT). After 2 h stirring, the reaction mixture was added into 5 volumes of water. The precipitate was separated by centrifugation. Thereafter, the product was purified through repeated dissolution in THF and precipitation in water. Finally, the product was dissolved in THF for further use. Yield: 94.3%.
Synthesis of cellulose 11-((2-aminoethyl)thio)undecanoate (CUE-CA), cellulose 11-(2-(2-(diethylamino)ethyl)thio)-undecanoate (CUE-DEAET) and cellulose 11-(2-(2-(dimethylamino)ethyl)thio)undecanoate (CUE-DMAET) via thiol-ene reaction of CUE with CA, DEAET or DMAET The CA, DEAET or DMAET (2 mol per mol CvC double bonds) was added to the THF-solution of CUE (15 mg ml −1 ). Because the three thiol compounds cannot be dissolved in THF, a twostep reaction was applied. After the addition of thiol compounds, the mixture was exposed to UV light (320-400 nm, the intensity ∼100 mW cm −2 ) under stirring at RT. After 1 h reaction, products precipitated out and were separated via centrifugation. For the next step, the precipitates were dissolved in methanol. Then, the mixture was irradiated using UV light under stirring at RT for another 1 h. After that, the solutions were dialyzed in methanol. The purified products were dissolved in methanol for further use. Yields: 90.7% (CUE-CA), 94.1% (CUE-DEAET) and 95.7% (CUE-DMAET).
Nanoprecipitation using the solution of CUE-MPA Dropping. In a typical case, CUE-MPA was dissolved in THF at a concentration of 2-6 mg ml −1 . Then, 1 ml CUE-MPA solution was added drop by drop into 10 ml water under stirring of 500 rpm at RT. After the complete addition of CUE-MPA solutions in water, opalescent suspensions were obtained. Then, the samples were dialysed in water before further characterization, in order to remove THF residue. Dialysis. 10 ml CUE-MPA solution at a concentration of 2, 4 or 6 mg ml −1 was added in a dialysis membrane (with a molecular weight cut-off of 3500) and kept in 300 volumes of water for 12 h. Then, water was changed twice after every 12 h. At the end of the dialysis, opalescent suspensions were obtained within the dialysis membrane.
Nanoprecipitation using the solutions of CUE-CA, CUE-DEAET and CUE-DMAET CUE-CA, CUE-DEAET and CUE-DMAET were turned into NPs via a modified dropping technique (Scheme 3). Briefly, CUE-CA, CUE-DEAET or CUE-DMAET was dissolved in methanol at a concentration of 2-6 mg ml −1 . Then, 1 ml solution was added drop by drop into 10 ml water ( pH of ∼7) under stirring of 500 rpm at RT, leading to transparent suspensions with the pH values of 4.2-4.5. The pH values of the transparent suspensions were adjusted using aqueous NaOH solution (0.01 M) to various pH values ( pH = 5, 5.5, 6, 7, 8 and 9) to form NPs. The dispersions with the pH of 7 were dialysed in water to remove salt and methanol residue before further characterization.
Examination of pH-responsive properties
The pH values of obtained NP suspensions from CUE-MPA, CUE-DEAET and CUE-DMAET with the initial concentration of 4 mg ml −1 were adjusted using aqueous NaOH solution (0.01 M) and HCl solution (0.01 M) to investigate the pH-responsive, size-switchable properties.
Size exclusion chromatography (SEC)
The average molecular weight of CUE was measured in THF solution on a SECurity GPC system consisting of a pump, an autosampler, and a RI-detector of Agilent 1200 Series (Waldbronn, Germany) with a set of columns consisting of PSS Gram 5 and PSS Gram 1000 columns. An injection volume of 100 μl of CUE solution in THF at a concentration of 3 g l −1 was measured with the column temperature of 25°C and the solvent flow of 1 ml min −1 .
One-dimensional (1D) and two-dimensional (2D) NMR spectroscopy
The liquid-state 1 H and 13 C NMR spectra of CUE in deuterated chloroform, CUE-MPA in deuterated THF and CUE-CA, CUE-DEAET as well as CUE-DMAET in deuterated methanol were recorded at RT on a Bruker DRX 500 spectrometer (Bruker, Biospin GmbH, Ettlingen, Germany) with a frequency of 300 MHz. A total of 10 000 scans for 13 GmbH, Frankfurt/Main, Germany). A layer from platinum/palladium (80/20) of 10 nm was coated on the surface of samples before SEM measurements.
Dynamic light scattering (DLS)
The DLS measurements were performed on a Zetasizer Nano ZS (Malvern Instruments Ltd, UK) using a 5 mW laser with the incident beam of 633 nm (He-Ne laser). 1 ml of NP suspensions (0.1-0.4 mg ml −1 water) were used for the size measurement (Z-average diameter) in a quartz cuvette (Starna, Pfungstadt, Germany), and were used for zeta potential measurement in a disposable zeta cuvette (DTS1060C from Malvern Instruments Ltd). The sizes and zeta potentials (mV) of NPs were measured three times with 10 runs and 20 runs for each measurement, respectively.
